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IA.  Sunnary 


Tha  najor  acconplishnania  of  thia  ONR  raaearch  are  reported 
in  a  aeriea  of  five  publicationa  on  "chemical  fronts"  associated 
with  upwellino  ayatena ,  Including  ‘cyclonic  up welling  ayatens* 
and  ‘Jets*  which  originate  in  the  coastal  zone  off  Pt.  Sur 
California.  Enclosed  is  a  reprint  of  the  final  paper  'Chenlcal 
f  lux-.  nixed  layer  antralnmenl  And  PhytPPiflnMQfl  blO&ftS  Ai 
upwellino  fronts  In  ihfi  California  CPflgtfll  zone*  (Traganza  et 
el.,  1987).  This  research  began  as  a  result  of  one  of  the  first 
satellite  IR  lnages  of  the  California  Current  Systen.  The  lnage 
revealed  a  surface  thermal  pattern  of  cyclonic  eddies  nearshore 
which  were  slnllar  to  "nutrient  cells*  suggested  by  conventional 
data  from  the  California  Cooperative  Fisheries  Investigations 
(see  satellite  inage  in  Traganza  et  el.,  1980,  "Satellite 
Observations  of  a  Nutrient  Up welling  Off  the  Coast  of 
California*).  Ultimately,  from  the  close  inverse  correlation  of 
nutrients  and  temperature  discovered  by  this  ONR  project, 
satellite  lnages  were  converted  into  nutrient  maps.  This  was 
reported  in  three  invited  talks  to  the  6ordon  Research  Conference 
on  Chemical  Oceanography  in  the  U.S.A. ,  the  NATO  Advanced 
Research  Conference  in  Portugal,  the  International  Union  of 
Geodosy  and  Geophysics  in  West  Germany  and  published  in  our  paper 
‘Nutrient  Mapping  ...etc.,  Traganza  et  al.,  (1983). 

A  number  of  at-sea  experiments  were  conducted  in  this  ONR 
project  to  investigate  the  significance  of  "chemical  fronts’  as 
sites  of  chemical  exchange  and  primary  production.  Ue  learned  to 
use  satellite  IR  Images  to  detect  upwelling  systems  and  to  predict 
the  subsurface  chemical  structure  of  fronts  from  the  surface 
thermal  pattern.  Ue  discovered  "surface  Jets"  (giant  plumes)  and 
distinctively  structured  eddy-like  features  which  we  named 
‘cyclonic  upwelling  systems*  (see  Traganza  et  al.,  1981, 
‘Satellite  Observations  of  a  Cyclonic  Upwelling  System  and  6iant 
Plume  in  the  California  Current*  ).  A  nomencleture  and  a  sequence 
of  evolution  of  upwelling  frontal  systems  was  developed  (Traganza 
et  al.,  1985).  A  variety  of  upwelling  systems  were  found  to  form 
sharp  thermal /chemical  gradients  or  "fronts*  where  phytoplankton 
were  often  found  to  concentrate  and  persist.  This  validated 
satellite  ocean  color  imagery*  (Traganza  et  al.,  1983).  Following 
our  discovery  of  these  frontal  systems,  three  papers  (Traganza  et 
al.,  1983,  1985  and  1987)  quantitatively  described  these  systems 
and  offered  a  conceptual  explanation  of  the  frontal  bloom 
phenomenon.  In  the  last  of  this  series  of  papers  three- 

dimensional  mapping  was  used  to  relate  subsurface  structure  to 
satellite  imagery,  and  an  atmospheric  forcing  model  was  applied 
to  analyze  and  predict  the  interaction  of  physical,  chemical  and 
biological  processes  at  upwelling  fronts.  Since  some  of  these 
systems  extend  for  hundreds  of  kilometers  into  the  California 
current  and  persist  with  prominent  blooms,  the  process  must  be 
considered  in  the  mass  balance  of  the  California  current  system. 

•  The  British  Nationel  Space  Agency,  London,  has  Just  released  a 
publication  on  the  commercial  application  of  satellite  ocean 
color  imagery  featuring  our  image  from  the  1983  paper. 
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Chemical  flux,  mixed  layer  entrainment  and  phytoplankton  blooms  at 
upwelling  fronts  in  the  California  coastal  zone 

Eik.kni  D.  Tkai.anza.*  DonaioG.  Ri  daiji  f  and  Rih  andW.  Gakw<x>i>+ 


(Rnmnf  22  Ik-irmhrr  1*0(5;  in  miwi/  form  25  April  I  Wh.  m <  rph-il  2K  Frhnwrx  IW| 


Ahlnrt- Atmospheric  and  in  \im  physkal  ptixivi’s  appear  In  gene  rale  a  sustained  ctiemieal 
lux  .ii  the’  Irnnlal  boundaries  nl  en.iel.il  upwelling  ey eleme  In  this  xiudy  nil  Pi  Sui .  (  alilnrnu. 
satellite  images  and  ihree -dinie'nxN mailt  presented in  un/dala  ehim  Ihe  evniiinnn  nl  an  upwelling 
sy stem  »nh  a  strong  chemical  fmni  and  a  large  phytoplankton  bloom  in  a  eurtaee  la\ef 
liixlapnsed  In  the  Irnnlal  boundary  Nutrient  uptake  Irnm  this  layer  he  phylnplanklnn.  ranging 
fmm  II  15  In  2  5*1  jiM  NO;  d  in  indicated  hy  primary  prndiiclion  nicaenienienie  in  the  hint  mi 
It. teeil  no  an  almnophcric  lorcing  model,  wind  dices  times  the-  pheeical  eniiainmeni  nl  nulnenie 
Iron'  deeper  layers  into  the  rmxed  layer  "  ad  |. went  In  the  Irnnl  al  rales  ranging  Irnm  U  In 
II  5i>  yiM  NO .  d  1  Fmm  a  dy  name  balance  nl  nulrie'nl  exchange  processes.  a  lateral  cross. Ironi 
exchange  Irnm  ihe  upwelling  sysiem  r«  the  adi.teenl  mixed  later  is  also  inihealed  these  iwn 
mixing  processes,  sustained  hy  almnsphe'nc  Imcing  may  explain  Ihe'  cheinnslal-lrke  persisiencc  nl 
pheinpl.mklnn  pigments  which  appe'ar  along  the  boundaries  nl  upwelling  sveienis  in  sim  and  in 
remotely  se  nsed  ocean  color  images  nl  Ihe  (  alilnrma  coastal  /one 


IM  MODI  l  1  ION 

E  \ki  ii  k  studies  (Tnaoan/a cl  til..  198(1.  1981 .  1985)  combining  satellite  and  m  situ  data 
demonstrated  that  Pi.  Sur.  California  is  an  active  upwelling  center  which  frequently 
generates  "cyclonic  upwelling  systems"  and  occasionally  surface  "jets"  which  extend 
hundreds  of  kilometers  into  the  C  alifornia  current  system.  It  was  also  shown,  but  without 
explanation,  that  phytoplankton  concentrate  along  frontal  boundaries  (sharp  thermal 
and  chemical  gradients)  of  upwelling  systems.  Our  objective  is  to  better  understand  this 
phenomenon  which  appears  to  be  very  important  to  primary  production  in  ihis  coastal 
upwelling  region  and  the  C  alifornia  current  (Thai. an/ \ct  ill..  1985.  Simpson.  I9S4) 
Under  conditions  of  sustained,  strong,  northwesterly  winds,  cold  water  outcrops  at  the 
sea  surface  off  Pi  Sur  with  a  strong  frontal  /one  which  is  clearly  visible  in  satellite  i.r 
imagery  (Fig  1).  An  oceanic  surface  layer  on  the  seaward  side  of  the  front  is  relatively 
warm,  stratified  and  low  in  biologically  active  elements,  such  as  nitrogen  and  phosphor¬ 
ous.  The  shoreward  side  is  cold,  well  mixed,  and  relatively  rich  in  these  elements 
(T  k  vct  vs/  v  cl  al. .  1980.  198] )  The  nutrient-rich  water  which  is  brought  into  the  cuphotic 
/one  inshore  of  the  upwelling  front  may  mix  horizontally  across  the  surface  density  Iront 


IK  p.trinK-ni  of  N.iiur.tl  SuefHv  S.m  Dicjio  Si  ale  l  ni\erMt\  .  S,in  I  )ieeo.  (  A  *0 IS2  ,uul  Viipp*  InNitiuhon 
of  f>» i .mocr.ipbx .  I’fmerMiv  ol  (  *r r»>. i .  S.m  Due*'  (  A  *01 WV  ['  S  A 

<  vnki  lot  M.irmu  Sviente.  lni\cr\iu  of  Southern  SI isMSMppi  <»uli  l\uk  Keiiioii.il  (  .impiis  I  one  Be.ieh 
Ms  «hsm»  i  s  A 

IXp.irinu in  ol  < He.inopr.iph\ .  N.o.tl  Posiiir.iJu.Hv  Sih«*»l.  Montefet.  (  A  ISA 


into  the  shallow  seaward  surface  layer.  Alternately,  local  wind  stress  may  deepen  the 
surface  layer  adjacent  to  the  front  and  entrain  nutrients  vertically  across  the  pycnotline 
which  slopes  to  the  surface  at  the  frontal  boundary  (G  xkvvood.  ISJ77:  Siiav  and  Grh>«.. 
IVS4:  Auxxtii  and  G  xhvvmoo.  IVK5)  Both  possibilities  are  supported  by  the  observation 
that  it  is  there,  just  seaward  of  upwelling  fronts,  that  the  highest  levels  of  chlorophyll 
concentrations  regularly  occur  (Moni  use/  at..  IV77;  Tkv.  vs/  \  ct  at..  I9S.'). 

According  to  Ki  i  is  and  Cosir  (IVN4)  it  is  usually  assumed  that  nutrient  gain  by  the 
surface  layer  of  coastal  upwclling  areas  is  mainly  controlled  by  vertical  and  horizontal 
advection.  However,  they  also  show  that  in  relatively  shallow  layer  regions,  such  as  the 
Mediterranean,  vertical  transport  is  induced  (on  a  time  scale  of  days)  by  atmospheric 
forcing  (wind  stress).  Hence,  there  is  reason  to  consider  the  affects  of  atmospheric 
forcing  on  the  surface  layer  adjacent  to  the  upwclling  front.  It  is  often  presumed  that 
upwelling  areas  are  too  complicated  to  be  represented  by  one-dimensional  models  used 
in  these  other  studies  However,  we  have  found  that  one-dimensional  models  are  useful 
because  the  structural  relationship  of  the  upwelling  front  and  adjacent  mixed  layer  (Fig 
I )  is  very  persistent,  and  local  wind  stress  apparently  will  (vertically )  erode  the  shallow 
thermocline  at  the  surface  density  front. 

Here,  wind-induced  mixed  layer  deepening  and  nutrient  entrainment  by  the  mixed 
layer  were  determined  by  an  extension  of  G  vkw<m>i>'s  ( |U77)  model  Models  of  this  type 
have  proven  to  be  useful  as  shown  by  numerical  predictions  from  held  observations 
(Kins  and  Cosrt.  ldS4)  The  model  assumes  horizontal  homogeneity  for  the  entrain¬ 
ment  and  turbulence  processes,  and  is  in  that  sense  one-dimensional.  However,  the 
entrainment  calculation  is  not  dependent  on  temperature,  density  or  velocity  being 
horizontally  homogeneous  Also,  advection  of  non-homogeneous  water  is  considered 
here  in  the  balance  of  major  processes  which  may  affect  nutrient  exchange  at  an 
upwelling  front,  such  that,  the  observed  rate  of  change  of  mean  nutrient  concentration  in 
the  mixed  layer.  DVDr.  is  equal  to  the  sum  of  mixed  layer  nutrient  entrainment, 
biological  uptake,  advection  and  atmospheric  exchange  of  nutrients 

ki  i  is  and  C'osii  ( |UN4)  suggest  that  nutrient  entrainment  which  results  from  atmos- 
ph  eric  forcing  can  be  the  main  determinant  for  primary  production.  These  authors  did 
not  obtain  data  to  support  this  conclusion  Here,  the  Pi.  Sur  upwelling  system  was 
mapped  to  locate  a  phytoplankton  bloom  and  describe  the  boundary  region  in  which  the 
upwelling  front  and  oceanic  mixed  layer  are  juxtaposed.  To  investigate  nutrient  entrain¬ 
ment  by  the  mixed  layer,  a  time  series  of  vertical  profiles  of  nutrients  and  temperature 
were  obtained  in  the  bloom  and  adiaccnt  to  the  front  for  initializing  the  model. 
Representative  measurements  of  primary  production  in  the  frontal  bloom  were  com¬ 
pared  with  nutrient  entrainment  by  the  mixed  layer  as  calculated  by  the  model  The 
results  suggest  there  is  a  coupling  between  nutrient  entrainment  and  primary  production. 
But.  from  the  balance  of  major  nutrient  exchange  processes,  additional  fluxes  are 
indicated  to  sustain  the  large  phytoplankton  blooms  which  are  so  prominent  and 
persistent  along  boundaries  of  upwelling  systems  in  the  California  coastal  upwelling 
zone 

X||  t  IIOOS 

Satellite  i  r  images  of  the  eastern  north  Pacific  were  obtained  from  the  NOAA  field 
station  at  Redwood  City.  California,  to  detect  upwelling  off  Pt  Sur.  California,  and  to 
localize  the  sampling  area  before  beginning  the  cruise  (Fig  I)  A  squared  spiral  cruise 


Chemical  flux  at  upwelling  fronts 
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track  (Fig.  2)  was  centered  on  the  upwelling  system.  In  situ  temperature  measurements 
were  made  continuously  at  3  m  while  the  ship  transited  the  cruise  track  until  a  maximum 
area  of  50  x  50  km  was  covered.  This  approach  has  proven  to  be  the  most  effective  way 
to  search  for  and  map  the  surface  thermal  signature  of  the  Pt.  Sur  upwelling  system 
(Traganza  el  al..  1980.  1981.  1983).  Underway  measurements  of  temperature,  nitrate 
and  phosphate,  and  in  vivo  fluorescence  were  used  to  locate  and  map  the  distinctive 
thermal  and  chemical  fronts  and  chlorophyll  concentrations  along  the  boundaries  of  the 
system.  The  system  was  mapped  on  22-23.  24-25  and  26-27  July  1983.  The  first  was  the 
50  x  50  km  square.  It  was  reduced  bv  leaving  off  the  northward  to  km  leg  and  then 
reduced  further  by  leaving  off  the  seaward  10  km  leg  on  the  2nd  and  3rd  mappings.  Each 
mapping  was  followed  by  three  vertical  stations  in  the  region  of  the  phy  toplankton  bloom 
adjacent  to  the  front — three  each  on  days  23.  26.  and  27  July  1983 

Infrared  satellite  imagery 

Six  satellite  passes  were  processed  (Fig  I)  five  from  N0AA-7  (19  July.  2200Z:  20 
July.  2200Z:  22  July.  2300Z:  23  July.  23O0Z:  and  25  July.  2200Z)  and  one  from  NOAA-8 
(20  July.  0200Z).  Each  pass  was  radiometrically  calibrated  for  bands  4  and  5  ( |0  3-1 1.3 
and  1 1.5-12.5  pm.  respectively ).  Earth  location  was  corrected  so  that  the  error  was  no 
more  than  2  km.  Each  image  was  registered  to  a  fixed  grid  with  pixel  dimensions  of 
1.1  km  Both  the  coast  and  the  1000  m  bathymetric  contour  were  registered  to  the  same 
grid.  Images  were  enhanced  to  cover  the  12-16‘C  range  of  brightness  temperature  along 
the  central  California  coast  at  temperature  steps  of  (1.5‘C  so  movement  of  temperature 
structure  and  thermal  fronts  can  be  seen  relative  to  stations  An  atmospherically 
corrected  sea  surface  temperature  was  not  derived  because  spatial  smoothing  effects 
from  cloud  screening  and  noise  reduction  would  tend  to  attenuate  the  features  of  interest 
and  corrected  sea  surface  temperature  estimates  are  not  essential  to  this  study 


Fig  2  Cruise  ir.uk  Jul\  WM  XBT  Stas  1-2*  and  I -2b  were  included  during  itndcru.n 
>ur\c\s  of  temperature,  nutrients  and  chlorophyll  at  3  m  on  22-2V  24  >  and  2'*  2“  July 
respecltxeh  Vcriiv.il  stations  were  occupied  hcivxi.cn  \ur\cxs  to  obtain  profit*  s  oi  th*  vanu 
parameters  and  pnmarv  production 


Temperature 

Expendable  bathythermographs  (XBTs)  were  dropped  every  10  km  along  the  track  to 
obtain  30  vertical  profiles  of  temperature  on  the  full  square  and  25  and  20  on  the  two 
succeeding  squares,  respectively.  XBT  profiles  were  used  to  reconstruct  the  three- 
dimensional  thermal  structure  of  the  upwelling  system  (Fig.  3).  In  situ  water  temperature 
was  sensed  continuously  by  a  thermistor  located  at  3  m  in  the  ships's  seawater  intake  and 
recorded  on  a  strip  chart  recorder.  The  equipment  was  calibrated  against  thermometer 
readings.  A  three-dimensional  (3-D)  presentation  of  the  3  m  isopleth  was  constructed 
from  seawater  intake  temperature  along  with  chlorophvll  and  nutrient  concentrations 
(Fig.  4) 

Chlorophyll 

In  vivo  fluorescence  was  measured  continuously  in  the  seawater  after  being  pumped 
from  the  intake,  through  a  debubbler,  and  into  a  Turner  111  fluorometer.  All  fluores¬ 
cence  values  were  recorded  continuously  on  a  strip-chart  recorder.  Fluorescence  was 
calibrated  against  duplicate  100  ml  samples  of  water  which  were  taken  every  half-hour. 
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Fj£  4.  Time  senes  of  temperature.  nitrate,  and  chlorophyll  at  3  m  in  the  frontal  transition  zone 
of  an  upwelling  system  ofl  Pt.  Sur.  Calilornia.  22-23.  24-25.  and  2<>-27  JuK  IMN.V 


prescreened  (200  pm  nitex).  filtered  (Whatman  GF/F  glass  fiber  filters),  and  analysed  for 
chlorophyll. 

Mnricnls 

Dissolved  nitrate  and  phosphate  were  measured  with  a  Technicon  AutoAnalyzer 
every  2  min  on  the  continuous  flow  of  seawater  which  was  pumped  to  the  instrument 
from  the  ship  s  intake  All  values  of  these  samples  and  standards  were  recorded 
continuously  on  strip  chart  recorders  (see  Tkaoan/a  ei  ul  (1981 )  for  details) 

Primary  production  and  biomass 

Phytoplankton  carbon  specific  growth  rates  and  carbon  biomass  were  determined  using 
the  "labeled  chlorophyll  a'  technique  of  Kioaui  and  Laws  (1981)  Primary  production 
was  calculated  from  these  values.  Nitrogen  uptake  rale  was  estimated  using  established 
relationships  of  phytoplankton  carbon  to  nitrogen  (Goldman.  1980) 

Primary  production  was  determined  in  samples  taken  from  50%  /,,  (incident  irra- 
diancc)  and  10%  /„  light  depths  These  depths  correspond  to  the  general  mean  irradiance 
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levels  for  ihe  upper  and  lower  parts  of  the  shallow  mixed  layer.  The  water  samples  were 
inoculated  with  250  pCi  of  H14  CO\  and  incubated  for  24  h  in  4-1  polycarbonate  bottles. 
The  bottles  had  been  wrapped  with  neutral  density  screens  to  properly  regulate  light 
penetration  in  a  running  seawater-cooled  deck-top  incubator.  HIJ  CO<  Stocks  and 
incubation  bottles  were  prepared  using  the  clean  techniques  recommended  by  Fit7w  ati  k 
el  al.  (1982).  Following  incubation,  the  labeled  particulate  maierial  was  collected  on 
Whatman  GF/F  glass  fiber  filters  and  treated  as  described  by  Ri  iixiji  ( 19X3) 

Data  for  mixed  layer  nutrient  entrainment  model 

The  effects  of  atmospheric  forcing  (wind  stress  and  solar  radiation)  on  mixed  layer 
deepening  and  vertical  nutrient  entrainment  by  the  mixed  layer  were  estimated  by  an 
extension  of  Garwood's  (1977)  model  The  model  employs  hourly  observations  of 
surface  wind  speed  and  direction,  sea  surface  temperature,  wet  and  dry  bulb  air 
temper. iture  (dew  point  is  calculated),  and  cloud  cover  Profiles  of  nutrients  and 
temperature  in  the  water  column  were  used  to  initialize  the  model  at  each  station 

till  VI  (  M  1 1  i 

Model  lor  mixed  layer  entrainment  of  nutrients 

The  upward  nutrient  entrainment  flux.  u  ,\"<-/r).  into  a  mixed  layer  of  depth  It  is 
dependent  upon  the  turbulent  entrainment  velocity .  tv, .  and  the  discontinuity  in  nutrient 
concentration.  A  V.  across  the  entrainment  zone: 

n  \  U  =  -h)  =  », A, N . 

Here  r  is  positive  upward,  and  AS  is  positive  if  US  d:  is  negative  at  r  =  -h.  the  base  of 
an  entraining  mixed  layer  Thus  two  factors  are  needed  to  predict  the  entrainment  flux 
the  vertical  profile  of  nutrient  concentration.  V(c).  and  the  intensity  ol  the  turbulent 
mixing  in  the  entrainment  zone  The  nutrient  budget  can  be  used  to  predict  AS.  or  A.N 
may  be  specified  from  observations. 

The  rate  of  entrainment  is  a  function  of  the  state  of  the  mixed  layer  turbulence,  and  as 
such  requires  a  solution  to  the  turbulent  kinetic  energy  (Tkt)  equations  (sec  reviews  by 
Zmiiixmv  mier  al  (I979)  and  Gvhwood  ( 1  y J  F,>r  the  problem  at  hand  here,  the 
entrainment  velocity  h  is  prov  ideJ  f  \  the  entrainment  hypothesis  of  G  xkwoc in(  1977 ) 

iv,  =  (w'lb  EdhAR). 

where  l  -  it'  +  i ■'*  +  » '*  is  the  total  TKF  and  AH  is  the  buovanev  jump  across  the 
stable  entrainment  /an.  I  ho  model  has  been  tested  extensively .  including  independent 
evaluations  (Mvkiiv  19X5).  1  he  expression  tor  m,  is  derived  from  Tkt  budget  in  the 
entrainment  zone,  -h  >  ;  >  -li  -  6  In  this  zone,  the  buoyancy  flux  is  assumed  to  be 
balanced  by  the  convergence  of  the  vertical  transport  of  Tkt  This  convergence  term  is 
modeled  as  a  function  of  the  Tkt  components  and  the  vertical  distance  over  which  this 
energy  must  be  transported 

The  value  of  AR  depends  upon  both  temperature  and  salinty  changes  at  the  bottom  of 
the  mixed  layer.  AR  =  ug(7(-/i)  -  T(-/r  -  <i))  -  Pg(.V(-/i)  -  S(-/i  -  n)).  where  6  is  the 
thickness  of  the  entrainment  zone,  and  u  and  (f  are  the  thermal  and  halinc  expansion’ 
contraction  state  coefficients,  and  g  is  gravitv  The  prognostic  equations  for  the  vertical 
component  of  the  Tkt.  w  :.  and  the  total  Tkt.  E  are  determined  by  the  vertically 
integrated  Tkt  budget: 
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0  =  mu*  ’  -  B'w'(-h)l(2Ri*)  -  (£''-  +  fh)E 

o  =  (Tn?(-h)  -  IFiC(0))/2  +  (£  -  j^-)E'n-  -  +  /7t)£/3. 

Here  u *  =  (T/p)1 :  with  i  the  magnitude  of  the  surface  stress  and  p  the  water  density,  and 
Ri  -  SBl{\fr  +  Ar:)  is  the  bulk  Richardson  number.  The  quantities  AS.  Art  and  Af 
are  the  buoyancy  and  velocity  jumps  between  the  mixed  layer  (assumed  well-mixed  or 
nearly  homogeneous)  and  the  level  immediately  below  the  mixed  layer.  ;  =  -h  -  8. 
These  bulk  TKE  equations  arc  solved  algebraically. 

The  mixed  layer  depth  is  dependent  upon  both  the  entrainment  velocity,  tv,,,  and  the 
mean  vertical  velocity  at  the  base  of  the  mixed  layer. 

d /i/dr  =  w,  _  R'U  =  ~h) 

Vertical  advection  does  not  directly  influence  the  entrainment  rate.  However,  over  a 
period  of  time.  W(-/i)  will  change  the  mean  profiles  of  buoyancy,  velocity  and  nutrient 
concentration  For  shorter  periods  of  mivdcl  integration,  as  in  this  case.  M '(-/»)  may  be 
neglected  The  permissible  time  period  over  which  such  advection  can  be  reasonably 
neglected  is  a  function  of  the  magnitude  of  the  vertical  velocity  and  the  depth  of  the 
mixed  layer  (Mi  1 1  m  el  ul  .  14N4) 

The  model  requires  specification  of  the  time-dependent  wind  stress,  r.  the  effective 
surface  bumantx  fluxes  (due  to  net  heat  flux .  but  corrected  lor  absorption  of  shortwave 
radiation  below  the  surface),  and  the  initial  conditions.  Initial  conditions  are  required  for 
the  temperature.  7(c).  the  salinity.  .S'(c).  and  the  nutrients.  ,\(;).  If  available,  initial 
velocity  profiles  are  desirable  When  rtlr)  and  r( r )  are  unobserved,  however,  the 
assumption  o  made  that  the  initial  mixed  layer  current  is  determined  by  the  steady  state 
fckmun  transport  This  may  be  a  source  of  inaccuracy  in  the  computation  of  entrainment 
on  a  time  stale  shorter  than  a  halt-inertial  period,  but  subsequent  predictions  are 
insensitive  to  the  initial  velocity  conditions 

7  here  art  two  basK  modes  of  solutions  to  the  above  system  of  equations:  an  entraining 
modi  and  a  non  entraining  mode  In  the  entraining  mode,  the  entrainment  velocity, 
a  >  (i  and  the  mixed  laver  will  deepen  if  VV (-/;)  is  neglected.  In  this  case  there  will  be 
an  upward  flux  ol  nutrients  provided  the  nutrient  concentration  below  the  layer  is  greater 
than  the  concentration  in  the  mixed  layer  (A\  >  ll)  Should  there  be  a  lower  concen¬ 
tration  ol  nuiiients  below  the  layer,  then  entrainment  will  result  in  an  apparent  negative 
or  downward  flux  ol  nutrienls  out  of  the  mixed  layer. 

In  the  non-entraining  m>*de.  the  intensity  ol  the  vertical  component  of  the  TKE.  ie‘*.  is 
t*  * '  sin  a!  lo  vuppori  entrainment,  and  h,  =  II  In  this  case,  (he  prognostic  equation  for 
dl;  di  din's  not  applv  Instead,  a  diagnostic  value  tor  a  new  shallower  /;  is  predicted  by  the 
solution  ol  ihc  two  TKF  equations  above  In  any  case,  wnh  iv  =  0.  there  is  no 
entrainment  flux  ot  nutrients  into  the  mixed  laxer  This  shallowing  of  the  mixed  layer  in 
response  to  reduced  wind  m<\ini:  and  increased  surlace  heating  therelore  may  cut  oil  the 
source  of  nutrients  tor  the  mixed  laxer 
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Saiellne  anil  tuhi  alums 

The  x.due  ot  satellite  remote  sensing  is  demonstrated  in  Fig  I  which  shows  a  newly 
(orrr  i";'  upwclling  sxstem  oft  Ft  Sur  California  The  movement  and  torm  of  small  scale 
temperature  structure  is  easily  followed  as  the  sxstem  develops  in  apparent  conformity 
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with  bottom  topograph)  a*,  indicated  by  the  !(<*>  m  isobath  Of  importance  here  is  the 
persistence  of  the  upwellmg  front  (mixed  layer  boundary  )  relative  to  the  vertical  stations 
(shown  as  3  tic  marks  in  the  center  of  the  image)  Measurements  were  made  at  these 
stations  to  initialize  the  model  and  thus  estimate  the  effects  ot  atmospheric  forcing  on 
nutrient  entrainment  by  the  mixed  layer  These  stations  are  numbered  1-5.  2  and  2 .5 
(Fig.  2).  The  rectangle  delineates  the  full  area  of  underway  analyses  (22-23.  24-25. 
2b-27)  for  temperature,  nutrients  and  chlorophyll  at  3  m.  anJ  tor  t  \B  IT  vertical  profiles 
of  temperature.  \BTs  were  dropped  every  10  km  along  the  track  (Fig  2)  at  Stas  1-30  on 
the  50  x  50  km  square,  and  at  1-25  and  1-20  on  the  succeeding  two  squares 

Figure  3  is  a  time  series  of  isotherms  reconstructed  from  the  \BT  data  The  slopes  of 
the  isotherms  reveal  the  vertical  divergence  at  the  coast  with  upwclling  of  12-14'  water 
and  downweliing  of  10-1  p'  water  The  3-D  presentation  gives  an  excellent  perspective  of 
the  thermal  structure  of  a  coastal  upwelling  system  and  a  physical  basis  for  interpreting 
processes  of  nutrient  exchange  at  fronts  Additional  obvious  features  arc  the  thermal 
front  and  small  scale  structure  (domes  and  depressions)  in  the  isotherms  The  position  of 
the  front  and  the  structured  region  revealed  in  the  isothermjl  held  are  also  indicated  in 
the  satellite  image  (Fig  I )  and  supported  by  the  distribution  of  surface  temperature  and 
nutrients  at  3  m  ( Fig  4). 

Figure  4  presents  a  striking  view  ot  a  chemical  front  and  adjacent  phytoplankton 
bloom  The  inverse  correlation  of  nutrients  with  temperature  imply  that  the  3-D  held  of 
isotherms  could  also  represent  nutrient  isopleths.  i  e  the  nutrient  held  was.  in  fact,  very 
similar  to  the  3-D  thermal  held  The  location  ot  the  bloom  is  consistent  with  those  of 
persistent  plant  pigment  aggregations  along  frontal  boundaries  seen  in  earlier  in  \itii 
studies  and  by  comparisons  of  i.r.  images  with  ocean  color  images  (Tkvi.xNZAr/  ul  . 
I4SI.  |dX3)  Although  only  two  Nimbus-7  CZCS  visible  images  (from  14and25July  I  *4S3 ) 
were  available  at  this  time,  they  support  this  observation 

Entminmnu  model  data 

The  data  from  vertical  stations  1.5.  2  and  2  5.  on  23  and  2b  July  are  presented  in 
Fig.  5.  Data  from  23  July  were  used  to  initialize  the  mixed  layer  entrainment  mixJcl 
Temperature  profiles  were  used  to  determine  initial  mean  temperature  and  approximate 
depth  of  the  mixed  layer  (the  shallower  dashed  line)  Nniate  profiles  were  used  to 
determine  the  initial  mean  concentration  of  the  mixed  layer  jnd  the  difference  between 
this  nutrieni  concentration  and  that  of  the  layer  beneath  Subsequent  profiles  were 
computed  as  they  would  evolve  due  to  atmospheric  forcing  (wind  stress  and  solar 
radiation).  The  net  effect  of  sustained  wind  stress  (Fig  b)  and  solar  radiation  at  Sta  2  5. 
tor  example,  was  expected  to  cause  an  increasing  entrainment  by  the  mixed  laver 
(Fig  7).  a  deepening  of  the  mixed  layer  (the  deeper  dashed  line  in  Fig  5)  decreasing 
mean  temperature,  and  increasing  mean  nutrient  concentration  Precisely  this  wjs  borne 
out  ill  Sta  2.5  when  it  was  revisited  on  2b  July  to  observe  changes  in  these  parameters  li 
is  also  interesting  to  see  that  there  was  an  increase  of  chlorophyll  -the  maximum 
associated  with  the  bottom  of  the  mixed  layer  (Fig  5)  This  increase  in  chlorophyll  is 
consistent  with  the  nutrient  enrichment  of  the  surface  layer  bv  fluid  entrainment  although 
a  lateral  cross-front  exchange  also  may  have  plaved  a  role  Lastlv  there  is  the  possibilitv 
that  the  stations  were  not  in  the  same  water  mass  on  23  and  2b  Julv  From  Figs  1 .  3  and  4 
it  appears  that  the  front  was  m  about  the  same  location  with  respect  to  these  stations 
Flow  ever.  Fig  5  (and  calculations  below  )  indicate  some  local  advection  of  both  warmer 
and  colder  waters 
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Nutrient  exchange  balance 

The  major  processes  which  may  have  determined  the  dynamic  balance  of  nutrient 
exchange  are  summed  in  an  equation  such  that  the  observed  rate  of  change  of  nutrient 
concentration  in  the  mixed  layer.  d\/d7".  is  the  sum  of: 

nutrient  4  biological  4  vertical  and  horizontal  4  atmospheric 
entrainment  exchange  advection  exchange. 

The  observed  dNldT.  for  example,  the  observed  rate  of  change  of  mean  nutrient 
concentration  of  the  mixed  layer  which  deepened  from  II  to  32  m  at  Sta.  2.5.  is 
calculated  from  the  vertical  profiles  in  Fig.  5  as 

dNIdT  *  (4  67  -  2.K2  pM  NO,)/(63.3  h/24  h  d  ')  *  0.72  pM  NO;,  d1. 

Nutrient  entrainment  is  calculated  to  show  what  would  happen  to  nitrate  levels  if  there 
were  no  biological  exchange  or  advection  and  the  atmospheric  exchange  was  negligible. 
For  example,  if  the  mixed  layer  deepened  from  1 1  to  32  m  |as  predicted  at  Sta.  2.5  (Fig. 
7 ) J  the  change  in  the  mean  nitrate  concentration  of  the  mixed  layer  is  computed  as 
follows. 

dN/dt  =  <4.75-2.75  pM  NO;,)/(63.3  h/24  h  d'1)  =  0.76  pM  NO',  d  '. 

Biological  exchange  is  assumed  to  be  nutrient  uptake  by  marine  phytoplankton  which 
constitute  the  high  chlorophyll  concentrations  observed  in  the  bloom.  Nitrogen  uptake 
rate  is  estimated  by  applying  established  relationships  between  growth  rates  measured  by 
carbon- 14  uptake  and  the  ratio  of  phytoplankton  carbon  to  nitrogen  (Goi  dmav  19K0). 
The  estimate  of  this  noncoitservatne  term  rx  computed  from  the  expression  for  primary 
production,  using  data  from  24  h  carbon-14  uptake  experiments  conducted  on  24  July 
jus.,  (Table  I)  where  ( />  is  phytoplankton  biomass  in  pg  C  I' p  is  specific  growth  rate 
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E.  D.  Tka<.anza  et  at 


Tdhlf  2.  Estimated  nutrient  flux  balance  udjucent  I"  an  upwelling  [runt  off  Pi  Sur, 
California.  July  I  WO 


Station 

No. 

d.V/d  T 
observed 

nutrient  + 

entrainment 

UiM  NO,  d 

biological 

exchange 

+  advection 

1.5 

-0  82 

0 

-0.15 

-0.67 

5ii"„ 

Iieht 

Ml 

-0.63 

+0.66 

-1.02 

-0.27 

level 

2.5 

+0.72 

+0.76 

-1.66 

+  1  64 

1.5 

-0.82 

<1 

-0  24 

-0.58 

Hi".. 

Iiaht 

2  II 

-41  63= 

+11.66 

-0.86 

-0.43 

level 

2.5 

0  72= 

+0.76 

-2.50 

+  2.35 

ilN  iiTts  lhe  rale  of  change  based  on  the  observed  difference  in  mixed  layer  mean 
nitrate  concentration  between  23  an  ’6  July;  entrainment  by  the  mixed  layer  is 
based  on  initializing  an  atmospheric  forcing  model  from  data  collected  on  2?  July, 
biological  exchange  is  a  representative  uptake  rate  by  phytoplankton  based  on  24-h 
carbon-14  primary  production  measurements  and  a  t':N  ratio  of  7;  ads  eel  ion  is 
obtained  by  the  algebraic  sum.  but  it  may  include  the  effect  of  minor  processes  not 
exclusively  considered,  e  g  sinking,  grazing  and  bactenally  mediated  recycling 


in  d  dCp/dt  =  \iCp  =  primary  production:  and  nitrogen  flux.  d/V/dT  =  |(p)(C/>)/l2]/ 
(C/N).  For  example,  at  Sta  2.5  (at  the  50%  light  level)  on  24  July  1983.  dNIdT  =  (0.46/ 
day  )(303.5  pg  C  I  ' )( I  pM  C/12  pg  C)(1  pM  N/7  pM  C)  =  1.66  pM  N  d'.  and  (at  the 
10%  light  level)  d/V/dT  =  (0.58/day)(346.5  pg  C  l  ')(l  pM  C/12  pg  C)(l  pM 
N/7  pM  C)  =  2.39  pM  N  d"1;  average  =  2.0  pM  N  d_l .  Advection  was  obtained  by  the 
algebraic  sum  (assuming  atmospheric  exchange  was  negligible). 

The  dynamic  balance  of  nutrient  exchange  processes  at  Stas  1.5.  2.  and  2.5  are 
summarized  in  Table  2. 


disc  i  SSION 

Atmospheric  forcing  and  mixed  layer-tip  welling  system  interaction 

Time  series  satellite  and  in  situ  observations  (Figs  I.  3  and  4)  clearly  show  that  a 
thermal  discontinuity  or  front  can  be  maintained  between  an  upwelling  system  and  an 
adjacent  oceanic  mixed  layer  on  a  time  scale  of  days.  The  in  situ  data  also  show  a 
frequently  observed  association  between  phytoplankton  and  the  sharp  thermal  and 
chemical  gradients  of  upwelling  fronts  (Tragas/aci  al..  1981.  1983) 

To  explain  this  frontal  bloom  phenomenon  and  the  impact  of  upwelling  circulation  as  it 
appears  in  satellite  imagery  (e  g  Tragasza  et  al..  1980.  1981.  1983:  Tkagan/a.  I9K4) 
one  cannot  assume  that  nutrient  input  into  the  surface  layers  is  by  upwelling  alone  Local 
wind  stress  (Fig.  6)  was  sufficient  to  sustain  the  upwelling.  but  also  to  entrain  elements 
from  beneath  the  very  shallow  mixed  layer  which  slopes  to  the  surface  along  the  seaward 
side  of  the  frontal  boundary  .  The  presence  of  a  frontal  mixed  layer  (Fig  3)  and  dynamic- 
atmospheric  forces  (wind  and  solar  radiation)  which  control  processes  of  fluid  entrain¬ 
ment  by  the  mixed  layer  strongly  suggest  that  nutrients  are  entrained  by  this  mechanism 
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in  the  area  adjacent  to  the  seaward  side  of  the  front.  Upwelling  and  downwetting  of 
the  thermocline  adds  weight  to  this  possibility  in  that  they  suggest  convective  turbulent 
mixing  by  the  surface  layer  adjacent  to  the  front.  Internal  waves  could  produce  an 
apparent  up-  and  downwelling  structure  because  the  sampling  time  interval  is  not 
synoptic.  However,  the  persistence  of  specific  upwelling  and  downwelling  structure 
(domes  and  depressions)  and  the  slope  of  individual  isotherms  over  the  I  week  time 
interval  of  the  three  surveys  argues  that  the  structure  is  real. 


Chemical  flux  anti  primary  production 

From  the  satellite  i.r.  time  series  (Fig.  1).  the  same  water  mass  appears  to  surround 
Sta.  2.5  between  23  and  25  July.  The  front  appears  to  have  maintained  a  relatively 
constant  distance  from  Sta.  2.5  during  this  time,  suggesting  minimum  advcction  of  the 
water  mass  relative  to  the  station.  Thus,  this  location  should  have  been  ideal  for 
measuring  processes  which  may  be  involved  in  the  dynamic  halance  of  nutrient  fluxes  at 
the  upwelling  front. 

When  profiles  from  Sta.  2.5  on  23  and  2#>  July  arc  compared  (Fig.  5).  they  show 
temporal  changes  in  nutrients  and  temperature  of  the  mixed  layer.  The  mean  nutrient 
concentration  of  the  surface  layer  increased  while  the  mean  temperature  decreased  and 
the  mixed  layer  deepened  These  observations  suggest  that  mixing  in  the  surface  layer 
reached  below  the  thermocline  to  entrain  colder  more  nutrient-rich  water.  Strong  winds 
(Fig  b)  provided  atmospheric  forcing  during  the  same  time  interval.  (In  contrast,  at  Sta 
1.5  no  nutrient  increase  was  predicted  by  the  model  because  there  was  an  insufficient 
source  of  nutrienis  to  entrain,  see  Figs  5  and  7).  At  Sta.  2.5  a  biological  response  was 
observed:  the  chlorophyll  maximum  increased  sharply  and  deepened,  presumably 
because  of  utilization  of  entrained  nutrients  af  the  base  of  the  mixed  layer  and  resistance 
to  sinking  at  this  interface. 

At  Sta  2.5  biological  uptake  was  faster  than  the  supply  by  entrainment  (Table  2).  but 
there  appears  to  have  been  advection  of  more  nutrient-rich  water  into  the  area  This  may 
include  cross-front  exchange  as  well  as  a  change  of  water  mass 

At  Stas  I  5  and  2  biological  nitrogen  uptake  was  taster  than  the  supply  by  entrainment 
(which  ranged  from  zero  to  positive)  but  advection  was  negative  Advection  ot  less 
nutrient-rich  water  relative  to  these  two  stations  is  a  possible  (and  likely)  explanation, 
i.e.  those  stations  occupied  on  2b  July  were  not  in  the  same  water  occupied  on  23  July 

Both  nutrient  entrainment  and  biological  uptake  are  independent  measuientents  based 
on  conditions  ,n  the  initial  state  ol  the  water  mass  on  23  July  I9S3  and  therefore  can  stand 
alone  for  direct  comparison  The  increase  ot  nitrogen  uptake  (as  determined  by  primary 
production  measurements)  from  Sta  1.5  to  2  to  2.5  is  positively  correlated  with  the 
increase  of  nutrient  entrainment  by  the  mixed  layer  (Table  2)  However,  the  dynamic 
balance  of  all  terms  suggests  advection  or  a  cross-frontal  process  may  be  important  as 
well  Taken  together,  the  data  from  Stas  15.  2  and  2.5  show  the  increased  uptake  ol 
nutrients  by  phytoplankton  is  positively  correlated  with  the  net  of  entrainment  and  the 
advection  (see  Fig  Xf 

Advection  was  not  obiamed  independently  but  by  algebraically  summing  the  observed 
rate  of  change  of  nutrient  concentration  (between  23  and  2b  July  |VX3  at  the  same 
location),  the  entrainment,  and  the  biological  term  It  therefore  could  include  processes, 
such  as  grazing  and  sinking  of  phytoplankton,  bactenally  mediated  nutrient  recycling 
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Fig  S  Correlation  of  biological  nutrient  uptake  with  nutneni  entrainmeni  and  advcctron  mio 
ihc  mixed  laser  aJiat'cnl  to  an  upselling  front  off  Pt  Sur.  California.  I98X  Biological  uptake  is 
based  on  carbon- 14  primars  production  measurements  and  a  C  N  ratio  of  7 


(Postmov.  1974;  Wit  hams.  19X1).  NH.T  as  an  additional  source  to  nitrogen  uptake,  and 
the  affect  of  photoadaptation  on  the  C:N  ratio 
Notwithstanding  possible  error  inherent  to  flux  balancing,  this  study  shows  that  both 
the  chemical  flux  and  phytoplankton  growth  rates  arc  high,  and  that  both  nutrient 
entrainment  and  cross-frontal  mixing  may  be  important  determinants  of  primary  produc¬ 
tion  at  upwellmg  fronts  Traditionally,  the  cause  of  phytoplankton  blooms  in  regions  of 
upwelling  has  been  attributed  to  a  lack  or  lag  of  grazing  by  herbivores  (Ca  shing  and 
Wxixii.  197b)  However,  this  bloom  could  have  resulted  from  a  continued  supply  of 
nutrients  to  sustain  it  even  during  grazing  Phytoplankton  growth  would  have  to  be  high 
for  the  blooms  to  persist  at  the  observed  chlorophyll  concentrations  Phytoplankton 
growth  rates  at  Sta  2  5  increased  from  <1  to  nearly  2  cell  divisions  per  day  during  the 
course  of  the  study  The  bloom  was  sustained  with  these  high  growth  rates  Primary 
production  could  be  sustained  even  at  low  ambient  nutrient  levels  under  steady  winds 
The  mechanism  could  be  that  of  a  quasi-chemostat  (Tuxoanzap/  al  .  19H1)  driven  by  the 
winds,  with  nutrients  being  mort  or  less  continuously  supplied  by  upwelling  and 
entrained  bv  the  mixed  laser  or  mixed  laterailv  across  the  front 
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10.  Data  Report  (Camara  ready  graphs  available  on  request ) 

1.  Infrared  Satellite  Images:  Specification*  end  raw 

usages,  3-4,  end  7-11  Nay,  1984,  NOAH-6  AVHRR . 

2.  3-0  subsurface  variability  of  thernel  structure  In  a 
coastal  upwelling  system ,  Pt .  Sur .  California,  as 
represented  by  the  12  degree  isotherm,  3  Hey  1984.... 

3.  3-0  chlorophyll  distribution  at  2.5  m  in  an  upwelling 
front  Pt.  Sur,  California,  3,  7.  9-18,  and  18-11 

Hay.  1984 . 

4.  3-0  temperature  distribution  at  2.5  m  m  an  upwelling 
front  Pt.  Sur,  California,  3,  7-8,  8-9,  9-18,  and 

18-1 1  Hay .  1984 . 

5.  3-0  nitrate  distribution  at  2.5  m  in  an  upwelling 

front ,  Pt.  Sur,  California,  3  and  7  Hay,  1984 . 

S.  3-0  phosphate  distribution  at  2.S  m  in  an  upwelling 
front  Pt.  Sur,  California,  3.  7,  and  11-12  Hey,  1984., 

7.  Temperature  profiles  at  3  stations  adjacent  to  an 

upwelling  front .  Pt .  Sur  ,  California,  each  sampled  3 
times,  8,  18  and  11  Hay,  1984 . 

8.  Chlorophyll  profiles  at  3  stations  adjacent  to  an 
upwelling  front,  Pt .  Sur,  California,  each  sampled 

2  times  .  8.  19  and  II  Hay .  1984 . 

9.  Nitrate  profiles  at  3  stations  adjacent  to  an 
upwelling  front,  Pt .  Sur,  California,  each  sampled 

3  times,  8,  18  and  11  Hey,  1984 . 

18.  Cross-shelf  surface  temperatures  transecting  an 
upwelling  front ,  Pt .  Sur,  Californio.  8,  10  end 
11  He,  .  1964 . 

11.  Temoerature  cross-section  in  #n  upwelling  front 
Ft.  Sur,  California,  8,  >9  mend  11  Hey,  1984.... 

12.  Prime--,  product  ion  .growth  rate,  biomass  and 

chlorophyll  at  3  stations  transecting  an  upwelling 
front  ,  Pt.  Sur,  California,  each  sampled  3  times 
8-9,  if-li  end  11-12,  Hey.  '984 . 


IE.  Photochemistry  Proposal 
(Submitted  under  separate  cover.) 


Summary  of  Accompli shwient 


Oiscovery  of  "Nutrient  Cells" 

A.  Initial  hypothesis;  nutrients  cells  in  CalCOFI  data  ray  be 
coincident  with  cyclonic  thermal  features  seen  In  NQAA  satellite 
IR  Images. 

B.  Nutrient  cell  hypothesis  verified  by  underway  sampling  with 
autoanalyzer  (Traganza  et  a? . ,  1980). 

Discovery  of  "Chemical  Fronts" 

A.  Chemical  fronts  are  shown  to  be  characteristic  of  upwelllng  systems 
(Traganza  et  _al_. ,  1981). 

B.  Horizontal  nitrate  and  phosphate  gradients  show  excellent  Inverse 
correlation  with  thermal  fronts  observed  from  satellites. 

Discovery  of  "Cyclonic  Upwelllng  Systems" 

A.  Satellite  &  shipboard  data  show  cyclonic  upwelllng  systems  are 
formed  by  Interaction  between  California  Current  and  Coastal 
upwelling  (Traganza  ^t  aK ,  1981). 

B.  Chemical  fronts  are  found  in  cyclonic  upwelllng  systems. 

C.  Series  of  cruises  show  upwelling  systems  recur  and  persist  off 
Pt.  Sur. 

D.  Biochemical  age  (N:P  ratio)  of  upwelllng  varies  seasonally. 

Conceptual  Model  Of  Cyclonic  Upwelling  System  Appeared  on  Cover  of  EOS 

A.  Conceptual  model  was  selected  from  text  of  Coastal  Upwelling  for 
cover  of  American  Geophysical  Union  Publication,  EOS  (Traganza, 
1981). 

Discovery  Of  "Giant  Plumes"  Across  The  California  Current 

A.  Chemical  fronts  are  found  In  giant  plumes  which  satellite  shows 
extending  across  the  surface  of  the  California  Current  (Traganza, 
et  £l_. ,  1981 ). 

Chemical  Mesoscale  &  Biological  Patchiness  Interrelated 

A.  Phytoplankton  blooms  are  shown  to  be  concentrated  along  chemical 
fronts  by  underway  fluorescence,  chlorophyll,  and  adenosine 
triphosphate  (ATP)  analysis  (Traganza  et  aj_. ,  1981). 

CZCS  Chlorophyll  Mapping  Show  Fronts  Determine  Regional  Primary 

Product  ion 

A.  Satellite  CZCS  ocean  color  measurement  verifies  blooms  are  in 
gradients  (Traganza  et  al.,  1983). 


B.  CZCS  Indicated  upwelllng  frontal  systems  determine  distribution  of 
primary  producers  and  productivity  In  California  Currant  ft  along 
coastal  boundary. 

C.  C-14  and  GTP/ATP  measurements  Indicate  high  rata  of  primary 
production  associated  with  chemical  fronts;  especially  equatorward 
of  cyclonic  systems. 

Sea  Surface  Nutrient  Maps  Are  Produced  From  Satellite  IR  Images 

A.  Satellite  IR  radiance  Is  correlated  with  below  surface  (2.5m) 
temperature  field  by  algorithm  for  radiative  transfer  equation  to 
to  produce  corrected  thermal  Image  as  2.5m  sea  surface  temperature 
map. 

B.  Nutrients  and  temperature  from  sharpest  gradients  are  correlated, 
then 

C.  IR  image  is  converted  to  nitrate  and  phosphate  2.5m  sea  surface 
nutrient  maps  (SO  «  51)  (Traganza  _et  al_. ,  1983). 

D.  Real  time  mesoscale  chemical  structure  (chemical  weather)  of  sea 
surface  Is  revealed  and  feasibility  for  prediction  of  mean 
nutrient  flux  fran  satellite  derived  nutrient  maps  is  established. 

E.  Show  initial  concentrations  of  N  and  P  In  source  water  masses  and 
slope  of  nutrients  vs.  tenperature  vary  seasonally;  more  Is  needed 
to  develop  oceanic  nutrient  climatology  model. 

Natural  Chemostat  Is  Proposed  As  Hypothetical  Model  Of  Fronts 

A.  Hypothesis:  chemical  fronts  regulate  recycling  rate  of  non¬ 
conservative  elements  by  ptytoplankton;  specific  growth  rate  *  f 
(nutrient  flux  and  light  availability);  a  chemostat  effect  may 
explain  pronounced  phytoplankton  growth  along  frontal  boundaries 
(Traganza  et  al_. ,  1981). 

8.  May  1983  experiment:  Dr.  Redalje  measures  specific  growth  rates  of 
phytoplankton  in  blooms  concentrated  along  a  front;  underway  C-14 
uptake  measurements  are  made  to  assess  total  biomass  growth  in 
response  to  nutrient  levels. 

C.  Light  level  is  measured  to  determine  if  it  is  limiting  on  mixing 
side  of  front  vs.  nutrient  limited,  stratified  side. 

0.  Trial  measurement  of  scalar  irradiance  field  made  form  TOSS. 

Subsurface  Three  Dimensional  Mapping  Is  Related  To  Satellite  Imagery 

A.  May  1982  experiment:  towed  seawater  sampling  system  (TOSS)  deep 
maps  nutrients,  temperature,  and  chlorophyll  at  15  ft  25  m  with 
surface  (2.5m)  map;  fran  XBTs  related  thermal  structure  is  plotted 
in  three  dimensions  by  canputer. 


B.  Discovery  of  chlorophyll  Maximum  associated  tilth  downwelllng  of  the 
mixed  layer  within  an  upwelllng  system. 

C.  Sea  surface  thermal  pattern  seen  as  surface  expression  of  mixed 
layer  topography  In  satellite  Imagery  of  upwelllng  region. 
(Traganza,  1984). 

Discover  Chlorophyll  Max.  Assoc.  With  Oownwelllng  In  An  Upwelllng  System 


A. 


May  1982  3-D  mapping  experiment  discovers  chlorophyll  maximum 
associated  with  downwelllng  (Traganza,  1984). 


May  1983  experiment:  Adopted  Garwood's  mixed  layer  model  to 
compare  estimated  "nutrient  entrainment  flux"  with  Redalje's  C-14 
specific  growth  rate  measurements,  and  estimated  non-conservative 
nutrient  uptake  In  the  mixed  layer  to  nutrient  uptake  calculated 
from  C-14  uptake,  bianass  &  C/N. 


C. 


Pursue  3-D  approach  to  understandl ng  and  relating  subsurface 
ecosystem  variability  to  satellite  imagery. 


Future  Plans: 


Light  Maps  To  Relate  Optical  Properties  To  Chemical  &  Biological 
Processes 


Scalar  irradiance  field  will  be  measured  from  TOSS  to  produce 
K-maps  which  will  relate  light  as  well  as  nutrient  flux  to 
chemostat  and  nutrient  entrainment  models. 


B. 


Vertical  profiles  will  be  used  to  set  TOSS  at  one  attenuation 
length;  the  depth  within  which  most  of  the  CZCS  signal  originates. 


C. 


Alternately,  TOSS  may  be  used  as  an  isolume  follower  to  map 
chi  orophyl  1 . 


D.  TOSS  II  in  concept  stage  for  3-D. 
Measurements  Of  Other  Systens 
A. 


Plan  comparison  of  anticyclonic  vs  cyclonic  systems;  see  image  from 
31  January;  biogeochemical  transport  mechanisms  may  be  different. 


B. 


Plan  to  Investigate  a  recurrent,  large  eddy  in  the  California 
Current  which  appears  to  Interact  with  coastal  upwelling  to  form 
recurrent  frontal  systems  In  the  central  California  oceanographic 
regime. 


C. 


Plan  "experiments  of  opportunity"  in  other  ocean  regions  where 
frontal  systems  are  known.  (First  one  with  NOSC,  A1  Zlrino’s  group 
in  Mediterranean,  Mar  30  to  April  20,  1984) 


1 


Biogeochemical  Cycle 

A.  Identify  dominant  primary  producer  and  primary  consumer  species. 

8.  Determine  phytoplankton  C:N:P  covariance  vs.  max  growth  rate. 

C.  Determine  dissolved  C:N:P  covariance  vs.  phytoplankton  C:N:P 
cava  riance. 

D.  Isotopic  fractionation  vs.  growth  rate:  C13/C12;  N15/N14; 

determine  N  recycling  In  surface  layer  vs.  upwelllng  N. 

E.  Test  satellite  remote  analysis  of  pH  and  alkalinity  to  bring  C02 
system  and  nutrient  cycle  into  one  unifying  biochemical  model. 

Ocean  Prediction 

A.  Test  satellite  prediction  of  ocean  nutrients  from  temperature; 
approach:  monitor  seasonal  thermal  structure  with  AXBT  flights  and 
correlate  with  nutrients  when  ship  data  are  available;  use 
periodically  updated  seasonal  climatological  water  mass  model  for 
nutrient  prediction  from  satellites. 

B.  Couple  biogeochemical  model  to  nutrient  prediction  model  for 
predicting  biomass  from  satellites. 

Joint  Experiments:  Bioluminescence:  Isotope  Biogeochemistry:  Trace 

Metal  s :  C02 

A.  Biolumi nescence  experiment  with  Bill  Hemhill  USGS  A  Richard 
Lynch  NRL  off  California  in  July,  1983. 

B.  Isotope  biogeochemistry  experiment  with  Greg  Rau, 

NASA-AMES. 

C.  Trace  metal -nutrient  cycle-C02  system  study  in  the  Peruvian 
upwelling  area;  in  talking  stage  with  Dana  Kestor,  URI;  1/84. 

D.  Zooplankton  in  fronts;  sea  trials  with  Valerie  Loeb,  H.ML;  March 
1983. 

E.  Colaboration  with  Jim  Mueller,  NPS;  a  possibility  for  summer  and 
fall  1983. 

TOSS  III 

A.  Plans  are  laid  for  a  3-port  variable  depth,  transportable  (go 
anywhere),  towed  seawater  sampling  &  analysis  system. 

Remote  Chemistry 

A.  Remote  chemical  analysis  from  shipboard  is  an  exciting  new 

possibility  which  could  advance  chemical  oceanography;  more  will 
be  said  in  the  future. 
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